A separation methodology to isolate natural uranium from its radioactive daughters: Th, Ra, Bi, Pb, Pa and Po, was developed using an only one anion exchange resin and varying concentrations of HCl solutions. Three types of anion exchange resins were tested and the separation process was followed by gamma and alpha spectrometry. Uranium can be quantitatively isolated from its descendants using Dowex 1X8 (20-50 mesh) or Amerlite IRA (100 mesh) resins in three steps: using 4 and 8 mol/L −1 HCl and water to recover uranium. The method is easy, quick, and inexpensive.
Introduction
Detection and quantification of uranium isotopes from its radioactive daughters (Th-234, Pa-234, Ra-226, Po-218, Pb-214, Bi-214, Pb-210, Bi-210, Po-210, and Pb 206) are essential in applications such as nuclear fuel cycle, geological research (oceanography, paleoclimatology, and volcanology), environmental isotope studies, characterization of radioactive waste, and so on [1] [2] [3] [4] [5] .
Natural uranium has three radioisotopes: U-238 (99.284%), U-235 (0.711%), and U-234 (0.0085%) that can be identified and quantified by alpha spectrometry once the uranium has been purified of its descendants. The most common techniques used for the separation and purification of uranium include co-precipitation, solvent extraction, ion exchange resins, and chromatographic extraction. Organic acids, ketones, ethers, esters, alcohols, and organic phosphates have been used in the extraction of uranium and other actinides [6] [7] . In particular, methyl isobutyl ketone has been used extensively in the extraction of U and Pu from spent nuclear fuel.
Ion exchange chromatography is one of the most popular methods to separate and isolate metals, because of its high degree of selectivity, reversibility, short separation times, and so on [6] [7] [8] . In particular, anion-exchange resins have been widely used for uranium separation [6, 7, [9] [10] [11] . For example, Junten et al. reported the separation of uranium, thorium, and radium from rock samples using an anion-exchange column: The rock is dissolved in acid and added to an anion-exchange column that is pretreated with 9 mol/L −1
HCl. The uranium is retained on the exchanger as a negative uranium chloride complex, while thorium and radium, which do not form chloride complexes, pass through the column. Uranium is then eluted from the column, which causes the uranium chloride complexes to break down, and the uranium elutes in cationic form. Alhassanieh et al. [7, 10] reported the separation of U, Th, Pa, and Ra from the natural uranium series (4n+2) by first using an anion-exchange resin in HCl medium to adsorb U and Pa. U is eluted after 2 days once Pa-234 has decayed. Th and Ra are separated by the cation exchange resin in HNO 3 , since Th is adsorbed and Ra is eluted. Crespo et al. [12] performed the separation of Ra, U, Th and Pa from geological samples using three chromatography columns. First uranium is retained in an anion-exchange resin (Dowex 1X8, 200 mesh) column in 9 mol/L −1 HCl and the thorium recovered in the eluted solution. Thorium is then adsorbed in a other anion-exchange resin in 8 mol/L −1 HNO 3 , while the D DAVID PUBLISHING radium contained in the eluate of this second column is purified in a cation-exchange resin (Dowex 50W-X8, 100 mesh) at pH 1 [13] . Solid-phase extraction, in combination with an ion exchanging, has also been used in the separation of U from its radioactive daughters. For example, Koornneef et al. used a TRU spec column and a cation-exchange resin to separate Ra, U, Th, and Pa from volcanic rocks. The method begins with the elution of Ra and most other matrix elements, such as alkalis, alkali earths, transition metals, and heavier lanthanides, using a TRU spec column conditioned in 4 N HCl. Subsequently, Th is eluted in 0.8 N HCl, following consecutive elution of U-Pa with 0.1 N HCl/HF. The TRU-spec resin is discarded after use, and the U-Pa fraction is evaporated and dissolved in 1 N HCl + 0.01 N HF and loaded onto a BioRad AG50-X8 column that separated Pa from U. Rožmarić et al. [11] carried out the isolation of U and Th from natural samples using UTEVA and TRU Eichrom® resins in combination with and anion exchanger. They developed two methods: in the first one, U and Th contained in samples of drinking water and seawater were loaded on columns filled with TRU Eichrom® resin. Thorium was then separated from the U with 0.5 mol/L −1 HCl, and the U was eluted with deionized water. In the second method, U and Th were isolated from the soil samples with TRU resin while they were separated from each other on the column and filled with anion exchanger in alcohol solutions [14] . Ion exchangers have been used mainly in the separation of U-Th-Ra. Therefore, the aim of this work is to develop a method of uranium separation from its radioactive daughters thorium, radium, protactinium, lead, bismuth and polonium quickly and efficiently, using only anion exchangers and HCl solutions. Thus, the authors studied the effect of the anion exchanger type used and the particle size of the exchanger in the separation performance. 
Experiments
According to the literature, the adsorption properties of U, Th, Pa, Ra, Pb, Bi, and Po on anion exchange resins in a hydrochloric acid medium are as follows: Radium and thorium are not adsorbed. Protactinium and uranium are weakly adsorbed at lower concentrations up to 1 M and increase their retention with an increase in HCl concentration. Bismuth is strongly adsorbed between 0 and 12 M HCl. Lead is weakly adsorbed between 0 and 7 M HCl, and concentrations higher than 7 M are not adsorbed on the resin [6] . Therefore, the general methodology of uranium purification proposed in this work is based on these adsorption properties, which include the following stages: 1) evaporation of uranium sample; 2) recovery of uranium in about 300 µL of 4M HCl; 3) application of uranium sample to chromatography system packed with the anion exchange resin previously pre-equilibrated in 4M HCl; 4) elution with 4M HCl; 5) elution with 8 M HCl; and 6) wash with distilled water. Amerlite® IRA-Cl, 100 mesh; Dowex 1X8, 20-50 mesh; and Dowex 1X8, 200 mesh anion exchange resins were evaluated in this work. A 0.21 M uranyl nitrate [UO 2 (NO 3 ) 2 ] solution was evaporated to dry on a heating plate and recovered in around 300 µL of 4 M HCl. The solution was loaded into Poly-Prep® Bio Rad chromatographic columns (0.8 × 4 cm) packed with the anion exchange resin previously equilibrated in 4M HCl, and then the process of six stages described previously was applied. The separation process was followed by a gamma spectrometry system, constituted by a coaxial GeHp CANBERRA detector connected to a CANBERRA 2002CSL preamplifier, a CANBERRA high-voltage power supply model 3105, a Tennelec TC 243 amplifier, and a CANBERRA multichannel analyzer supported by Genie TM 2000
software. Ra-226, Pa-234, Th-234, Bi-214 and Pb-214 were used as radioisotope indicators of the separation process ( Table 1 ). All eluates were quantified for 7,200 s at the same geometry. In order to verify the purity of uranium recovered in the last eluate from the separation process, which contains uranium, the eluate was evaporated and recovered in 0.5 M NaF. Some drops of 0.1% phenolphthalein in ethanol were added to this solution and then the pH was adjusted to 9 with 5 M NaOH [15] . The solution was finally transferred into the electrodeposition cell (Fig. 1) , composed of a mirror-polished stainless steel disc 4 cm in diameter, which acted as cathode in the electrolytic system, and an anode comprised of a platinum wire 1 mm in diameter and 10 cm long. The distance between the platinum anode and the stainless steel backing cathode was set between 0.5-1 cm. The electrodeposition cell was disassembled (Fig. 1) , and the electrodeposition process was performed at 10 mA current for 6 h [15] . Finally, the backing was raised with acetone and then heated on a hot plate in order to fix the deposited U.
Analysis of the purified uranium was conducted using alpha spectrometry in an ORTEC 576A Dual Alpha brand spectrometer, comprising two surface barrier detectors with an active area of 300 mm 2 . The distance from the source to detector was 1 cm. The sample and detector were housed in a cylindrical aluminum chamber weighing less than 30 torr in a vacuum. The spectrometer was connected to a multichannel buffer ORTEC 920E, and spectral analysis was performed using ORTEC Alpha Vision 3.2 software. Table 2 shows the recovery percentage of uranium and its radioactive descendants in the separation process proposed. 
Results and Discussions

At 4 M HCl
The thorium (Th 4+ ) is eluted quantitatively (> 95%) in any of the studied anionic resins, because it does not form anionic chloride complexes and is not retained in strongly basic anion-exchange resins [16] . In the case of protactinium, 88% of Pa (Table 2) . A smaller particle size of the anion resin produces a larger adsorption surface area, and therefore, a higher percentage of anions can be adsorbed on the resin. Thus, it is better to use the DOWEX 1X8 20-50 mesh resin to recover Pa. Radium (Ra 2+ ) is eluted between 78% and 69% in DOWEX 1X8 20-50 mesh and AMERLITE IRA 100 mesh, respectively, and remains adsorbed on DOWEX 1X8 200 mesh. It is known that radium (Ra 2+ ) does not form anionic chloride complexes. Therefore, it is not retained on strongly basic anion exchange resins in the whole range from 1 to 12 N HCl concentrations [16, 18] . However, the solubility of radium chloride decreases rapidly with increasing hydrochloric acid concentration; it can even precipitate in strong HCl. Thus, the strong adsorption of Ra in the DOWEX 1X8 200 mesh can be stimulated by the large adsorption surface of this resin and the high concentration of HCl. Therefore, the DOWEX 1X8 20-50 mesh resin is recommended to separate Ra from U. Uranium (VI), lead (II), bismuth (III) and polonium (IV) are retained in the resins.
At 8 M HCl
Lead (Pb 2+ ) is not retained in the three anionic resins and is recovered more than 99% in the eluate. The Pb(II) species, PbCl + and PbCl 2 predominate in 0.1-2 M HCl media, are only moderately adsorbed on Dowex ®1 [16, 18] . The adsorption decreases linearly when increasing the acid concentration, because the anionic species present, PbCl 3 -predominant in 2-4 M HCl and PbCl 4 2-in 4-12 M HCl, are weakly or not adsorbed in anionic resins. Uranium (VI), bismuth (III) and polonium (IV) are retained in the resins.
At H 2 O
Uranium (VI) is not sorbed onto the anionic resins in H 2 O and therefore was eluted in the 3 anionic resins as cation species. Uranium (VI) exists as an uranyl ion, UO 2 2+ , in aqueous solutions from pH 0.1 up to 2. Over that pH, hydrolysis occurs and highly charged cation complexes are gradually formed before the hydroxide, UO 2 (OH) 2 [16, 19] .
Bismuth (III) chloride is precipitated in the anionic resins as bismuth oxychloride when water is added as eluate, while polonium (IV), present in HCl solutions as a PoOCl 4 2-ion, forms colloids, which are precipitated in the anionic resins [18] . In accordance with these results, uranium can be quantitatively separated from its descendants using anion-exchange resins, such as Dowex 1X8, 20-50 mesh (850-600 µm) and Amerlite IRA, 100 mesh (150 µm), only varying in HCl concentrations (Fig. 2) .
The adsorption properties of Dowex 1X8 resin are modified by particle size (PZ). At 20-50 mesh (850-600 µm), Th and Ra are recovered at 4 M HCl and uranium is purified. However, at 200 mesh (75 µm), radium is slightly adsorbed in 4 M HCl; therefore, only a fraction is eluted at 4 M HCl, and the rest is eluted when uranium is recovered with water. Ergo, a smaller anion resin PZ increases the adsorption properties of radium, causing the contamination of uranium with radium during its elution. An option to eliminate Ra from U would be eluted previously the chromatographic column with 1 M or 2 M HCl; uranium is adsorbed on the anionic column at this concentration of HCl after recovery of Pb(II), and Ra is eluted. Uranium can be finally recovered with water or a diluted HCl solution (< 0.01 M). However, this option involves an additional step in the separation process.
Alpha Spectra
The alpha spectra of purified uranium in each resin tested (see Fig. 3 ), show proof of the efficacy of the proposed separations. When uranium has not been purified, alpha spectrum shows a continuum from 3.5 MeV to 4.9 MeV, resulting from contributions of U-238, U-234, U-235, Th-230, and Ra-226, mainly (Fig. 3a) . It is important to note that the rest of the alpha emitters generated in the uranium decay chains, whose alpha particle energies are greater than 5.3 MeV, such as Po-214 (7.6 MeV), Po-215 (7.3 MeV), Po-218 (6 MeV) or Bi-211 (6.6 MeV), do not appear in the alpha spectrum.
A good uranium purification is produced in the Dowex 1X8 20-50 mesh (850-600 µm) and Amerlite® IRA, 100 mesh (150 µm) resins; in both cases, the peaks of U-238, U-234 and U-235 were well defined (Fig. 3c, Fig. 4d ) while the alpha spectrum obtained in the Dowex 1X8 200 mesh resin is similar to unpurified uranium containing traces of Ra-223 and Th-227 (Fig. 3b) .
It is known that the electrodeposition process of uranium involves the migration of uranyl ions (UO 2 2+ )
to the cathode and the formation of insoluble uranyl hydroxide, which is absorbed on the cathode surface (Eq. (1)). Hydroxyl ions are formed by the reduction of water, which forms an infinitesimal layer on the cathode during the electrodeposition process (Eq. (2)) [13] . (1)
Conclusions
Uranium can be quantitatively isolated from its descendants using Dowex 1X8 (20-50 mesh) or Amerlite IRA (100 mesh) resins, only varying in HCl 
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concentrations. The methodology involves only 1 column packed with the anionic resin on which the uranium sample is added and eluted with 1) 4 M HCl, to recover thorium, radium and protactinium; 2) 8 M HCl, to eluate lead; and 3) distilled water to recovered uranium. The process can be followed by gamma spectrometry and the purity of the uranium can be verified by alpha spectrometry. The adsorption properties of radium in Dowex 1X8 resin are modified by PZ at high HCl concentrations, the smaller PZ of resin, the stronger the adsorption of radium into the resin.
